Coherent spinor dynamics in a spin-1 Bose condensate by Chang, Ming-Shien et al.
ar
X
iv
:c
on
d-
m
at
/0
50
93
41
v2
  [
co
nd
-m
at.
oth
er]
  2
0 S
ep
 20
05
Coherent spinor dynamics in a spin-1 Bose condensate
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Collisions in a thermal gas are perceived as random or incoherent as a consequence of the large
numbers of initial and final quantum states accessible to the system. In a quantum gas, e.g. a Bose-
Einstein condensate or a degenerate Fermi gas, the phase space accessible to low energy collisions is so
restricted that collisions become coherent and reversible. Here, we report the observation of coherent
spin-changing collisions in a gas of spin-1 bosons. Starting with condensates occupying two spin
states, a condensate in the third spin state is coherently and reversibly created by atomic collisions.
The observed dynamics are analogous to Josephson oscillations in weakly connected superconductors
and represent a type of matter-wave four-wave mixing. The spin-dependent scattering length is
determined from these oscillations to be -1.45(32) Bohr. Finally, we demonstrate coherent control
of the evolution of the system by applying differential phase shifts to the spin states using magnetic
fields.
PACS numbers:
Bose-Einstein condensation (BEC) is a well-known
phenomenon in which identical bosons occupy the same
quantum state below a certain critical temperature. A
hallmark of BEC is the coherence between particles—
every particle shares the same quantum wave function
and phase. Although textbook discussions of Bose-
Einstein condensation typically focus on non-interacting
(ideal) particles, elastic collisions are essential in order
for a quantum degenerate gas to equilibrate. The in-
clusion of collisions also modifies the quantum ground
state of the gas, although it does not change the na-
ture of the coherence of the condensate—indeed it has
been pointed out that collisional interactions are in fact
required to keep the condensate from fragmenting into
multiple nearby quantum states [1].
Collisional coherence is an important theme in quan-
tum degenerate gases. For single component conden-
sates, such as spin-polarized atomic condensates con-
fined in a magnetic trap, the coherence of the colli-
sional interactions manifests through the coherence of the
many-particle wave function itself, which has been well-
established in early measurements of condensate mean-
field energy [2] and correlations [3] as well as in demon-
strations of matter-wave interference [4] and superfluid
behaviour [5, 6, 7]. More recently, collisional coher-
ence in more complicated systems has led to remarkable
demonstrations including reversible atom-molecule for-
mation across a Feshbach resonance for both bosonic and
fermionic [8, 9] atoms, and coherent collisions in optical
lattices [10, 11].
In this work, we show that the collisional coher-
ence extends to the internal spin degrees of freedom
of a spin-1 Bose gas by observing coherent and re-
versible spin-changing collisions. Atomic Bose conden-
sates with internal spin, so-called spinor condensates
[12, 13, 14, 15, 16, 17, 18, 19, 20], in some cases, are
predicted to coherently inter-convert in a process known
as spin mixing, driven solely by internal interactions in
the system [21, 22, 23, 24, 25, 26]. In a spin-1 conden-
sate, two atoms with spin components -1 and +1 can
coherently and reversibly scatter into final states con-
taining two atoms with spin component 0 and vice-versa
(Fig. 1a). We observe this process in a gas of spin-1
87Rb bosons confined in an all-optical trap. The coherent
spin mixing leads to oscillations of the spin populations,
from which we determine the spin-dependent interaction
strength. This is the first direct measurement of this
important quantity. The observed spin-mixing is an in-
ternal state analogue to Josephson oscillations in weakly
connected superconductors [27], and exploiting this anal-
ogy, we demonstrate control of the coherent spinor dy-
namics using phase and population engineering. Finally,
we use this technique to drive the spinor condensate to
and away from its spin ground state, which allows us to
measure the spin coherence time [21].
Stimulated by the seminal theoretical work by Ho [12]
and Ohmi and Machida [13] and early experiments by the
JILA [14, 28] and MIT [15] groups, much study has been
done on spinor condensates. Theoretical work has cov-
ered ground state structure [12, 13, 20, 21, 29], coherent
spinor dynamics [21, 22, 23, 24, 25, 26], rotating spinor
condensates [30] and many other topics. Spin mixing has
been observed in both F = 1 and F = 2 condensates
[15, 18, 19, 31], although the coherence of this process
has not yet been demonstrated conclusively. Observa-
tions thus far have revealed mostly incoherent relaxation
of initially non-equilibrium spin populations to lower en-
ergy configurations from which the sign of the spin in-
teraction parameter c2 was determined. Although over-
damped single oscillations in spin populations have been
observed in earlier experiments by us and others, their
interpretation has been limited because the initial spin
configurations in these experiments were metastable, and
evolution from these states is noise-driven [15, 18, 19, 31].
2Nonetheless, from these observations, as well as studies
of spin domain formation, it was possible to determine
the magnetic nature of the ground states.
At the microscopic level, the interactions in spinor
Bose gases are determined by spin-dependent 2-body
collisions. In the case of two colliding spin-F identi-
cal bosons, the available collision channels are restricted
by symmetry to those with total spin Ftot = 2F, 2F −
2, · · · , 0, characterized by s-wave scattering lengths aFtot
at low energies. We focus on the F = 1 case here,
and in the framework of mean-field theory, the inter-
action energy including spin can be written as U(r) =
δ(r)(c0 + c2 ~Fa · ~Fb), [12, 13] where r is the distance be-
tween two atoms a, b and c0 = 4π~
2(a0 + 2a2)/3m and
c2 = 4π~
2(a2 − a0)/3m, where m is the atomic mass
and a0,2 are the s-wave scattering lengths for total spin
0,2 channels. For 87Rb atoms in the F = 1 hyperfine
state, the scattering lengths the a0,2 are nearly equal, and
hence the spin-dependent mean field energy c2n is very
small (only 200 pK [32, 33] for typical densities, n ∼ 1014
cm−3), compared to both the scalar mean field c0n, and
the estimated temperature of the gas, 50 nK. Nonethe-
less, the small spin-dependent mean field couplings are
non-negligible and lead to qualitatively different ground
state structures depending on the sign of c2, being fer-
romagnetic (c2 < 0) for
87Rb [18, 19, 32, 33] or anti-
ferromagnetic (c2 > 0) for
23Na [15, 34]. Moreover, these
spinor interactions yield a rich variety of coherent and
incoherent phenomena including coherent spinor mixing,
spin squeezing and entanglement [21, 35], spin domain
formation, and spinor vortices.
A single-component (scalar) atomic condensate with
a large number of atoms is well-described within a
mean-field treatment by an order parameter (‘conden-
sate wave function’) governed by nonlinear Schro¨dinger
or Gross-Pitaevskii (G-P) equation. For an F = 1 spinor
condensate, the three spin components mF = 1, 0,−1
are described by a vector order parameter, ~ψ(~r, t) =
(ψ1, ψ0, ψ−1) which is governed by a set of three coupled
G-P equations [12, 21]
i~
∂ψ1
∂t
= L1ψ1 + c2(n0 + n1 − n−1)ψ1 + c2ψ∗−1ψ20 (1)
i~
∂ψ0
∂t
= L0ψ0 + c2(n1 + n−1)ψ0 + 2c2ψ
∗
0ψ1ψ−1 (2)
i~
∂ψ−1
∂t
= L−1ψ−1 + c2(n0 + n−1 − n1)ψ−1 + c2ψ∗+1ψ20
(3)
where L±1,0 = (−~2∇2/2m + Vt + E±1,0 + c0n − µ),
Vt, E±1,0 and n±1,0 are the optical trapping poten-
tial, Zeeman energies and densities for corresponding
Zeeman projections, µ is the chemical potential, and
n = n1 + n0 + n−1 is the total density. The coher-
ent spin mixing of the internal populations responsible
for oscillations of the spin populations are determined
by the last term in Eqs.1-3. However, the interplay of
this process with the particle exchange collisions, repre-
sented by the penultimate term in Eqs. 1-3 poses chal-
lenging problems both in theory and in experiment be-
cause they occur with the same time scale (typically <
10 Hz for 87Rb), and they are both very sensitive to ex-
ternal magnetic fields and field gradients represented in
E±1,0 [15, 18, 20, 26, 31, 36, 37]. Hence, in general, the
dynamics described by these equations reveal a rich cou-
pling between the internal and external degrees of free-
dom of the condensate components resulting in a variety
of observed phenomena including spin mixing [15, 18, 19],
spin domain formation [15], and spin textures [30, 38].
Although the internal and external dynamics are gen-
erally inseparable, under certain conditions they can be
decoupled. In particular, when the available spin inter-
action energy is insufficient to create spatial spin struc-
tures in the condensates, then the external dynamics
will be suppressed. This occurs when the spin healing
length ξs = h/
√
2m |c2|n is larger than the size of the
condensate. In this case, then ψ1, ψ0 and ψ−1 share
the same spatial wave function
√
n(~r)e−iµt/~ which al-
lows for a considerable simplification of Eq. 1-3. This is
known as the single mode approximation (SMA), with
which the order parameter reduces to
√
n(~r)e−iµt/~~χ,
where ~χT = (
√
ρ1e
iφ1 ,
√
ρ0e
iφ0 ,
√
ρ−1e
iφ
−1) and ρi and
φi represent the fractional population and phase of the
ith Zeeman state. With this approximation, the inter-
nal dynamics take on a particularly simple form deter-
mined by just two dynamical variables, ρ0(t), the frac-
tional population of the 0 state, and the relative phase of
the spinor components φ(t) ≡ φ1 + φ−1 − 2φ0 [23]. The
populations of the other states are directly determined by
ρ±1 = (1− ρ0 ±M)/2, where M = (N1 −N−1)/N is the
global magnetism which is a constant of the motion, and
Ni is the number of atoms in the i
th Zeeman projection
with N = N1 + N0 + N−1. The energy (Hamiltonian)
of the system in a uniform magnetic field then takes the
following simple form [25, 26]:
E = cρ0[(1 − ρ0 +
√
(1 − ρ0)2 −M2 cosφ)] + δ(1− ρ0),
(4)
where c = c2N
∫ |ψ(r)|4 dr is the effective spin-mixing
rate, and δ = (E1 + E−1 − 2E0)/2 ≃ 2π~· (72B2 Hz) is
the difference in energies of the magnetic Zeeman levels
in a field of B gauss. Within the SMA, the ground state
spin populations and relative phase are readily found for
arbitrary magnetization and magnetic field by minimiz-
ing Eq. 4. In particular, for c(c2) < 0, the energy of
the system is minimized at low fields for relative phases
φ = 0 and population ρ0 = (1 − M2)/2 [23, 26]. For
other non-equilibrium populations or phases, the system
will have excess spin energy that can drive a coherent
evolution of the spinor system.
The evolution of the system will follow Hamiltonian
3equations of motion derived from Eq. 4 [26]:
ρ˙0 =
2c
~
ρ0
√
(1− ρ0)2 −M2 sinφ (5)
φ˙ = −2δ
~
+
2c
~
(1− 2ρ0)
+
2c
~
(1− ρ0)(1 − 2ρ0)−M2√
(1− ρ0)2 −M2
cosφ. (6)
These coupled equations are nonlinear Josephson-type
equations and point to the equivalency of spin mix-
ing in a spin-1 condensate to Josephson systems re-
alized in superconductors [27] and other superfluids
[11, 14, 39, 40, 41, 42, 43, 44]. The non-linearity of these
equations provides a rich manifold of dynamical trajec-
tories that can be accessed experimentally by choice of
initial populations and phases of the spin components
and the strength of the applied magnetic field.
To investigate the coherent dynamics of this system, we
begin with 87Rb condensates created using an improved
version of the all-optical trapping technique we have pre-
viously reported [16, 19]. Using a dynamical compression
technique and just a single focused laser beam, conden-
sates with up to 300, 000 atoms are created after 2 s of
evaporative cooling. The condensates created in this op-
tical trap are generally in a mixture of all F = 1 spin
states and reveal complicated spatial domains. To create
a well-characterized initial condition, we first prepare a
condensate in the |F = 1,mF = −1〉 state by applying a
magnetic field gradient during the evaporative cooling.
To initiate spin dynamics, a coherent superposition of
spin states with non-equilibrium spin populations is cre-
ated by applying a sequence of phase-coherent microwave
pulses tuned to F = 1 ↔ F = 2 transitions. Follow-
ing this state preparation, the condensate is allowed to
freely evolve in the optical trap. A typical evolution
is shown in Fig. 1c for an initial spin configuration of
ρ(1,0,−1) ≃ (0, 3/4, 1/4). Up to four distinct oscillations
are observed in this example before the spin populations
damp to a steady state. These oscillations demonstrate
the coherence of the spin mixing process.
We have measured the spin oscillation frequency for
different initial spin populations. These data are shown
in the inset of Fig. 1c. and show good agreement with
theoretical predictions, c
√
1− ρ20 [23, 26] which can be
derived from Eq. 5-6. These measurements provide a di-
rect determination of the magnitude of the spin interac-
tion energy [21], |c| /~ = 2π×4.3(3) rad/s for our system.
These oscillation frequencies at low magnetic field do not
determine the sign of c(c2), however it was established by
previous studies of the nature of the ground state (and
confirmed in the present study by the results shown later
in Fig. 3) that c2 < 0 for the F = 1 manifold of
87Rb. This
value of c, combined with the measured condensate den-
sity, n = 2.1(4) × 1014 cm−3, determined from the rate
of the condensate expansion during time-of-flight, per-
mits determination of c2, or equivalently, the difference
m 1 0 -1f
0 ms
70 ms
140 ms
+1 -10
(a)
(b)
1.0
0.8
0.6
0.4
0.2
0.0
Sp
in
 p
op
ul
at
io
ns
0.60.50.40.30.20.10.0
Time (s)
0.25
0.20
0.15
0.10P
er
io
d 
(s)
0.80.60.40.2
ρο
(c)
FIG. 1: Coherent spin mixing of spin-1 Bose condensate in
an optical trap. Coherent spin mixing producing oscillations
in the populations of the F = 1, mF = 0,±1 spin states of
87Rb condensates confined in an optical trap starting from a
superposition of condensate spin components at t = 0 that is
subsequently allowed to evolve freely. a) Schematic indicates
fundamental spin mixing process. b) Absorptive images of the
condensates for different evolution times. In this example, the
initial relative populations are ρ(1,0,−1) ≃ (0, 3/4, 1/4). The
condensates are probed 18 ms after release from the trap,
and, to separate the spin components for imaging, a weak
magnetic field gradient is applied for 3 ms during expansion
of the condensates. The field of view is 600 µm × 180 µm.
c) Spin populations vs. evolution time for the same initial
population configuration showing four clear oscillations. The
damping of the oscillations is due to the breakdown of the
single mode approximation readily apparent in the t = 140
ms absorptive image. Here the dotted, solid, and dot-dashed
lines represent the populations in mF = 1, 0 and -1 states.
Inset shows the measured oscillation period versus the initial
population of the 0 state for different initial superpositions
of mF = 0, -1 states, which compares well with the theoret-
ical prediction [23]. The (typical) error bars shown are the
standard deviation of three repeated measurements.
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FIG. 2: Coherent spin mixing vs. magnetic field. An initial
non-equilibrium spin population configuration of ρ(1,0,−1) ≃
(0, 1/2, 1/2) is created and allowed to evolve in a field of 15
mG for 70 ms to allow for maximum spin mixing. At this
point, the magnetic field is ramped to different levels. Sub-
sequently, the system displays small amplitude oscillations
analogous to the AC Josephson effect, ρ0(t) ∝ δ
−1 sin 2δt.
The typical error bars shown are the standard deviation of
three repeated measurements.
in scattering lengths a2−a0 = −1.45(32)aB, where Bohr
radius aB = 0.529 A˚. This is the first direct measurement
of this important quantity, and our value agrees with the
theoretical determination of a2 − a0 = −1.40(22)aB de-
rived from photoassociative spectroscopic and Feshbach
resonance data [32, 33].
The oscillations are observed to damp with a time con-
stant of 250 ms, and the damping coincides with the ap-
pearance of spatial spin structures apparent in the images
in Fig. 1b. These structures indicate the invalidation of
the SMA underlying Eqs. 5-6 and lead to a complicated
interplay of the internal and external dynamics that ul-
timately transfers the internal spin energy into spatial
domain structures [23]. A detailed study of these struc-
tures will be the focus of future work.
The large amplitude oscillations observed in Fig. 1c
are in the nonlinear regime of Eqs 5-6. It is also possible
to access the linear regime more typical of the standard
Josephson effect by tuning the parameters of the system.
In particular, for large applied magnetic fields such that
δ ≫ c and appropriate initial populations, the phase evo-
lution is dominated by the quadratic Zeeman effect of the
external field, and Eq. 6 reduces to φ˙ ≃ −2δ/~ . For these
conditions, the system exhibits small oscillations analo-
gous to AC-Josephson oscillations, ρ0(t) ≃ Aδ−1 sin 2δt,
where A is determined by the initial populations. We
have observed these oscillations as shown in Fig. 2. for
different applied magnetic fields. Up to 12 fast oscilla-
tions are observed at the highest fields that were studied,
where the time scale of the internal spinor dynamics is
better separated from the time scale for the formation of
spatial spin structures. The frequency of the measured
oscillations vs. the magnetic field matches within 10%
of the prediction Ω = 2δ, while the δ−1 scaling for the
amplitude is seen only for higher fields, presumably due
to the invalidity of the SMA for larger amplitude oscilla-
tions. In the future, being able to tune the system to the
linear regime provides a path to study many analogous
effects previously observed in Josephson systems such as
Shapiro levels [27, 36, 41, 45] by including a time-varying
component to the applied magnetic field.
Beyond controlling the system via the initial condi-
tions, the dynamical evolution of the system can be con-
trolled in real time by either changing spin populations
and/or changing the spinor phase φ. We demonstrate
that we can coherently control the dynamical evolution
of the spinor by applying phase shifts, and in particular
we drive the systems to the ferromagnetic spinor ground
state using this technique. In this experiment, an initial
non-equilibrium spin configuration is created and allowed
to evolve for a fraction of an oscillation until ρ0(t) reaches
the ground-state ratio ρ0,gs = (1 −M2)/2 [23, 29]. At
this point, the system is not in the ground state because
φ 6= (φgs = 0) (and it is still oscillating!) At this moment,
we briefly pulse on a magnetic field of 0.6 G to apply a
phase shift to the spinor, ∆φ =
∫
δ(t)dt. The evolution
of the system is recorded in Fig. 3a for different pulse du-
rations. We find that for particular applied phase shifts,
the spinor condensate is brought to its ground state, ev-
idenced by the subsequent lack of population oscillation.
For other applied phase shifts, the system is driven to dif-
ferent points in the phase space of the system, for which
the subsequent evolution of the system is dramatically
different and exhibits oscillations.
It is possible to reconstruct the dynamical trajectories
of the system using the measured ρ0(t), along with the
known applied phase shifts and the equations of motion,
Eqs. 5-6. Although the damping evident in the measure-
ment is due to the spatial dynamics coupled to the in-
ternal spin mixing dynamics, a phenomenological phase
damping term may be added to Eq. 6 to represent the
spatial varying spin mixing rate which is responsible for
damping the population oscillation. The reconstructed
trajectories show good qualitative agreement with the
measurements in the time domain and are plotted on
the phase space diagram of the system (Fig. 3b). Also
shown in the figure are the contours of equal energy of
the spinor given by Eq. 4. The trajectories clearly show
that the system tends to damp to the minimum energy
points (i.e. the ferromagnetic spinor ground state), which
is ρ0 ≃ 3/8, φgs = 0 mod (2π) for M = 1/2, c < 0
and δ ≈ 0. For the case of anti-ferromagnetic interac-
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FIG. 3: Coherent control of spinor dynamics. a) An ini-
tial spin configuration of ρ(1,0,−1) ≃ (0, 1/2, 1/2) is allowed
to evolve in a field of 15 mG for 14 ms at which point
the populations reach the values corresponding to the fer-
romagnetic ground state at this magnetization: ρ(1,0,−1) ≃
(1/16, 3/8, 9/16). Then, a pulse of 600 mG field is applied to
shift the spinor phase. The dashed, solid and dotted curves
represent pulse widths of τ1 = 20, 24.4 and 30 ms respectively.
For certain applied phase shifts, the coherent spin mixing can
be halted. This occurs for τ1 = 24.4 ms corresponding to
phase shift ∆φ = −2.5pi and for τ1 = 5.3 ms corresponding to
∆φ = −0.5pi. b) Reconstructed dynamical trajectories of the
system determined by fitting the experiment data to Eq. 3,4
including a phenomenological phase damping term. The free
parameters of the fit are the damping coefficient and the un-
known (but reproducible) initial spinor phase resulting from
the state preparation that depends on the applied microwave
pulse width and the duration in the upper hyperfine manifold.
The contours show curves of equal energy. c) To investigate
the spin coherence of the ground state spinor created by the
first pulse with τ1 = 24.4 ms, a second pulse is applied at 300
ms to reestablish the oscillations. The solid, dashed and dot-
ted curves corresponds to τ2 = 0, 10 and 20 ms respectively.
The typical error bars shown are the standard deviation of
three repeated measurements.
tions, such as in 23Na, c > 0, the energy contours dif-
fer only in sign, and the system would instead relax to
ρ0 = 1, φgs = π mod (2π) within the validity of the
SMA [23, 29].
To demonstrate explicitly the coherence of the spinor
ground state, we impart a second phase shift to the sys-
tem at later times to displace the system to a different
point in phase space. As anticipated, the second phase
shift is found to re-initiate the spin mixing dynamics (Fig.
3c) when ∆φ 6= 0 mod (2π). We have used this tech-
nique to determine the ground state spinor decoherence
time by measuring the amplitude of the subsequent os-
cillations for different delay times of the second pulse.
The spinor decoherence time is found to be 3 s, which
is approximately the lifetime of the condensate and is
much longer than the damping time of spin population
oscillations.
As noted, the damping of the spin oscillations coin-
cides with the appearance of spin wave-like spatial struc-
tures in the spinor wave function (see images in Fig. 1b).
Hence it is clear that the SMA is not strictly valid for
our system. These waves derive their energy from the
internal (spin) degrees of freedom, and it is this energy
transfer that ultimately damps the spin mixing. On the
other hand, if the spinor condensate is driven to its fer-
romagnetic ground state, as shown in Fig. 3b, there is no
internal (spin) energy available for the motional degrees
of freedom, and spatial spin structures cannot form. In-
deed in this case, the three spin components are observed
to have the same spatial wave function and appear to be
miscible.
The observation of coherent spinor dynamics in a ferro-
magnetic spin-1 system reported here paves the way for a
host of future explorations. These systems are predicted
to manifest complex quantum correlated states exhibit-
ing entanglement and squeezing, and in general, it will
be very interesting to explore the regime of small atom
number < 1000, where sub-shot noise effects should be-
come important [21]. Viewing the spin-mixing dynamics
as a type of internal Josephson effect, many future explo-
rations and manipulations of the system can be envisaged
following along the path of superconducting weak-links.
Finally, the coupling of the internal dynamics to the spa-
tial wave function can be avoided in future experiments
by either decreasing the condensate radii relative to the
spin healing length ξs and/or operating at high magnetic
fields where the time scales for mixing and damping are
better separated. On the other hand, the coupling of
the internal and external degrees of freedom in this sys-
tem provide a new system for exploring nonlinear atom
optical phenomena such as spatial-temporal dynamics of
four-wave mixing [46].
We note that a group in Mainz, Germany has inde-
pendently observed coherent spin-mixing oscillations in
a Mott state of atoms on a lattice [47]. Their experiment
involves a system of many copies of two atoms in each
6lattice site. On the other hand, our system involves a few
hundred thousand atoms and the observed coherence re-
flects the presence of macroscopic quantum fields.
Methods
To create the condensates, we begin by collecting up to
5×108 cold atoms in a simple vapour cell 87Rb magneto-
optical trap (MOT), which is overlapped with an optical
trap formed by a single CO2 laser beam of 70 W fo-
cused to a waist of 60 µm. Up to 3.7 × 107 atoms are
loaded into the optical trap, at a density of 4×1013 cm−3.
In order to achieve higher densities for efficient evapora-
tion, the trap is compressed immediately after loading
by smoothly changing the laser focus to 26 µm over 600
ms using a zoom lens. Simultaneously, the laser power
is ramped down over 1.8 s to lower the trap depth and
force evaporative cooling. Using this technique, mostly
pure condensates containing up to 3× 105 atoms are cre-
ated. This technique is not only simple and fast, but also
produces condensates 10 times larger than our previous
methods [16, 19]. The condensates created in this optical
trap are generally in a mixture of all F = 1 spin states
and reveal complicated spatial domains. To create a well-
characterized initial condition, we apply a magnetic field
gradient during the evaporative cooling [19], which re-
sults in pure mF = −1 condensate containing 150,000
atoms-this state is stable against both local and global
spin dynamics due to the conservation of angular mo-
mentum. The trap frequencies are 2π(190,170,17) rad/s,
and the condensate density and the Thomas-Fermi (T-F)
radii are estimated to be 2.1×1014 cm−3 and (3.2,3.6,36)
µm respectively. The lifetime of the condensate is mea-
sured to be 3 s. Coherent spin state superpositions are
created from the pure mF = −1 condensates by applying
a sequence of phase-coherent microwave pulses tuned to
F = 1↔ F = 2 transitions. The pulses are applied at a
field of 420 mG to separate out the transitions between
the different Zeeman sub-levels. Following the pulse se-
quence, the magnetic field is ramped from 420 mG to
15 mG in 10 ms. Typical pulse lengths are 20 s for a
F = 1↔ F = 2 pulse.
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